Prairie voles (Microtus ochrogaster), like most rodent species, exhibit a phenotypic polymorphism in reproductive response to winter conditions or to short day lengths in the laboratory. Laboratory studies on seasonally breeding species have traditionally focused on the role of photoperiod in modulating reproduction and other seasonal adaptions. However, because animals use proximate environmental factors in addition to photoperiod to phase seasonal adaptions with the appropriate time of year, the present study investigated the interaction of photoperiod and temperature on reproductive function and the gonadotropin-releasing hormone (GnRH) neuronal system. Male prairie voles were housed in either long (LD 1658) or short (LD 8516) photoperiods. Voles in each photoperiodic condition were also exposed to either mild (20°C) or low (8°C) temperatures. After 10 weeks, voles were killed and their brains were processed using in situ hybridization for mRNA for proGnRH. The results suggest that GnRH synthesis is not affected by exposure to a single inhibitory proximate factor (i.e. short days or low temperatures alone), even when reproduction is inhibited, whereas a combination of inhibitory proximate factors leads to a decrease in GnRH synthesis (i.e. fewer neurones staining for mRNA for proGnRH). These data suggest that the neuroendocrine mechanisms regulating seasonal alterations in reproductive function are likely to differ between harsh and mild winters.
To cope with the energetic demands of winter, animals breeding from year to year (5) . If animals relied only on photoperiod to time breeding and other adaptions, then these inhabiting nontropical latitudes limit breeding and other energetically costly processes to the spring and summer of adaptations would occur at precisely the same time each year, and interindividual variability would be minimal. Thus, most years (1, 2) . Because seasonal alterations in physiology require a significant time to develop, animals rely on proximalthough photoperiod is the most reliable predictor of the time of year, given the variability of the breeding season in wild ate factors that predict, well in advance, the onset of winter (3) . Day length (i.e. number of hours light/day) is the most populations of rodents, it is likely not the only cue used to time reproduction (6, 7) . Because ambient temperature changes reliable proximate factor used by seasonally breeding species, and most studies to date have focused on the role of photoseasonally, animals may also use temperature as a proximate factor to 'fine-tune' the year-to-year timing of breeding. In period in mediating seasonal changes in reproductive function and other adaptations (4) . To use photoperiod to precisely accordance with this supposition, low temperatures can inhibit testicular function alone, e.g. deer mice (Peromyscus maniculassess the time of year, animals require only two pieces of information, the current day length, and whether day length atus) (8) , or in combination with other inhibitory extrinsic factors, including short day lengths (1); deer mice (P. maniculis increasing or decreasing.
Although photoperiodic information is sufficient to accuratus) (3); prairie voles (Microtus ochrogaster) (9) . Most rodent species, e.g. Siberian hamsters (Phodopus ately assess the time of year, in natural populations of rodents, there is considerable variation in the onset and termination of sungorus sungorus), deer mice (P. maniculatus), meadow voles anterior hypothalamus compared to long-day voles, whereas n=10) (iii), short (LD 8516, lights on 0700 h) days and mild temperatures short-day, reproductively competent voles resemble long-day (SD20; n=23) or (iv) short-days and low temperatures (SD8; n=20) for animals (12) . In addition, voles with regressed gonads after 10 weeks. After 10 weeks of exposure to the experimental conditions, voles short-day exposure exhibit increased staining density of were injected with a lethal dose of sodium pentobarbital and perfused transcardially with 50 ml of 0.9% saline followed by 200 ml of 4% paraformalGnRH-ir fibres in the main pathway to the median eminence dehyde in phosphate buffered saline (PBS, pH=7.4). The brains were (12) . These data suggest that short photoperiods may act to cells was mapped onto a mouse brain atlas (18) . Each neurone was assessed for cytoarchitectonic location. Cells were counted in the medial and lateral septum, diagonal band of Broca, preoptic area ( lateral and medial ), and the
Materials and methods
anterior hypothalamus. For purposes of analysis, some areas were combined Animals (i.e. medial septum/diagonal band of Broca, preoptic area/anterior hypothalamus). Cells were counted by two observers who were unaware of the Sixty adult male prairie voles (Microtus ochrogaster) (>60 days of age) were used in this study. Voles were housed individually in polycarbonate cages experimental conditions to which the animals were exposed.
Statistical analysis (Fig. 4) . However, in the preoptic area/anterior hypothalAll data were analysed using a one-way ANOVA. All pairwise comparisons amus, fewer cells/section staining for mRNA for proGnRH were conducted using the Tukey-HSD test and planned comparisons where were observed in the preoptic area/anterior hypothalamus of appropriate. Comparisons were considered statistically significant when voles exposed to a combination of short days and low (8°C ) P∏0 .05.
temperatures compared to long-day voles in either low or mild (20°C ) temperatures (Fig. 4) .
Results

Discussion
Reproductive and metabolic measures
The results from the present study suggest that temperature All voles held in long days, regardless of temperature, mainand photoperiod interact to affect reproductive function and tained their reproductive systems. Animals in short days and the GnRH neuronal system. Low temperatures alone do not mild temperatures exhibited the expected range of reproductinhibit reproductive function when male prairie voles are ive responsiveness. However, all voles maintained in short housed in long day lengths. However, when voles are housed days and low temperatures exhibited regressed reproductive in short day lengths and low temperatures, all animals exhibit systems. Five voles were randomly selected from each condiregressed reproductive systems. These data support previous tion, and only the data from the brains/reproductive organs findings in our lab (19). As shown in previous studies (12, of these voles were analysed. The choice to process five brains 19), voles maintained in short days and mild temperatures from each group was based on a priori power analyses using exhibit a range of reproductive responsiveness. The present the difference in means and standard errors obtained from results suggest that voles in their natural environment not previous studies of the GnRH system of voles in our laboratonly evaluate the costs of maintaining reproduction based ory. This assignment resulted in five groups: (i) long-day upon photoperiodic information, but also use several proximvoles housed in mild temperatures (LD20); (ii) long-day ate factors to weigh the costs and benefits of maintaining or voles housed in low temperatures (LD8); (iii) short-day voles inhibiting reproduction during winter (2, 9, 19). maintained in mild temperatures that were reproductively Reproductive organ masses typically represent an excellent competent (SD20NR); (iv) short-day voles in mild temperbioassay of long-term testosterone concentrations. In the atures that regressed their reproductive systems (SD20R); present study, epididymal and seminal vesicle masses appear and (v) short-day voles in low temperatures with regressed to be increased by exposure to long days and either low reproductive systems (SD8R).
temperatures (LD8) or mild temperatures (LD20), respectPaired testes mass was reduced in both short-day, regressed ively. Regardless, testicular mass did not differ between these groups (i.e. SD20R and SD8R) compared to all other groups groups suggesting that testosterone concentrations and repro-(P<0.05 in each case; Fig. 1 ). Epididymal mass and seminal ductive status were similar in LD8 and LD20 voles. The vesicle mass exhibited a similar pattern as testes mass (P<0. 05 reason for the discrepancy in epididymal and seminal vesicle in each case; Fig. 1 ). However, epididymal mass was increased masses between these groups is unclear. in LD8 voles compared to all other groups while seminal One previous study in prairie voles (19) suggests that a vesicle mass was increased in LD20 voles compared to all combination of factors may affect the GnRH system differother conditions (P<0.05 in each case; Fig. 1 ). Body mass ently than a single, inhibitory proximate factor alone (brains was significantly lower in voles with regressed gonads (i.e. used in this study represent a subset of voles from this SD20R and SD8R) compared to all other groups (P<0.05 reference). Prairie voles exposed to either short day lengths in each case, Fig. 1 ). Epididymal white adipose tissue or low temperatures increase the number of GnRH-ir (EWAT ) mass was reduced in both short-day, regressed voles neurones in the preoptic area/anterior hypothalamus comheld in mild or low temperatures compared to all other pared to long-day voles held in mild temperatures (19). Voles conditions (P<0.05 in each case, Fig. 2 ).
exposed to both short days and low temperatures have GnRH-ir numbers similar to those seen in long-day voles maintained in mild temperatures (19). These data suggest Cell counts that reproductive inhibition in voles exposed to a single inhibitory proximate factor (i.e. short-days and mild temperIn situ hybridization resulted in cell bodies of neurones expressing mRNA for proGnRH being clearly distinguishable atures, or long-days and low temperatures) may be a result of reduced secretion of GnRH. However, inhibition of reprofrom the lightly stained background of all tissue sections (Fig. 3) . Cell counts were analysed as the mean number of duction due to a combination of proximate factors can be the result of several mechanisms: (i) the inhibition of GnRH cells/section/brain region. For the medial septum/diagonal band of Broca, 4.91 (±0.44) sections were counted. For the synthesis concomitant with suppression of release; (ii) reduced synthesis with continued GnRH release; or (iii) continued preoptic area/anterior hypothalamus, 15.39 (±0.42) sections were counted. There were no differences among groups in GnRH synthesis without suppression of release (suggesting that alterations in reproductive function due to a combination the number of sections comprising these brain regions (P>0.05 in each case). This procedure was used to account of inhibitory proximate factors is the result of alterations at a level of the HPG axis other than the GnRH system). for any variability in the number of sections counted per brain/region. Mean number of cells/section did not differ
In the present study, voles with regressed reproductive systems in short days and low temperatures have fewer among groups in the medial septum/diagonal band of Broca neurones that contain mRNA for proGnRH in the preoptic on the assumption that a greater number of cells expressing mRNA for proGnRH is indicative of an increased rate of area/anterior hypothalamus compared to long-day groups. All other groups, excluding regressed animals exposed to synthesis of GnRH (i.e. transcriptional activation), thereby increasing the number of cells detected. An alternative short days and low temperatures, have an equivalent number of cells that contain mRNA for proGnRH. Thus, these data, explanation of these data is that stabilization of mRNA for proGnRH is increased due to a decrease in mRNA degradacombined with those from immunohistochemistry for GnRH peptide (19), suggest that several environmental factors are tion and turnover. Previous studies have shown that male and female prairie integrated to affect the GnRH system differently than a single proximate factor alone. In addition, previous immunohistovoles presumably reduce absolute energy requirements before winter by reducing body mass and fat content (in combination chemistry data, combined with in situ hybridization data from the present experiment, suggest that one inhibitory with numerous other adaptations) in response to declining day lengths (20). In the present study, only those voles that proximate factor leads to a suppression of GnRH release to inhibit reproductive function, while a combination of inhibitregressed their reproductive systems exhibit a decrease in body mass and EWAT mass. These data suggest that an ory proximate factors may result in reduction in GnRH synthesis (presumably concomitant with a decrease in GnRH energetic model may help to explain the mechanism(s) by which photoperiod and other proximate factors influence release into the portal circulation). These speculations can account for the fact that GnRH-ir staining is not altered by reproduction. First, although both SD20R and SD8R animals reduce body mass and fat content (concomitant with gonadal exposure to two inhibitory proximate factors. The interpretation of the in situ hybridization data in this study is based regression), thermoregulatory requirements are greater for SD8R voles than SD20R voles. Thus, SD8R voles with more stringent energetic demands must curtail a greater number of nonessential functions than SD20R voles. Assuming that GnRH production requires a significant amount of energy, inhibition of GnRH synthesis may lead to essential energetic savings and increased chances of survival. If the inhibition of GnRH synthesis results in only negligible energy savings, then one could theorize that suppression of numerous nonessential functions results in a substantial, combined energetic
savings. Numerous mechanisms can account for the means F. 3. Cells expressing mRNA for proGnRH in the anterior hypothalamus (AH ) of a male prairie vole housed in long day lengths (LD 1658) by which this total energetic savings is accomplished. during mild versus harsh winters.
